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Ref.X,46 2

SUNEkAy

I.object of Invest",,ation

To explore tne usefulness of direct photography in the measurement
of droplet size distribution in sprays from liquid propellant injeotors.

2. Scope of -Inve stigation

An apparatus for the low power photomicrography of sprays ylith sp-ark
illu.uination has been set up, and a technique developed for the measure.lent
and countinE of the droplet images. Tho opti:uii conditions and possible
accuracy of the neasure;.ne ,nt of the distribution of dropl,t sizezs vithin
the sp.ray have been investigated. The results obtainA viitli sevural types
of injector are given in illustration of the mothod.

3. Conclusions

Thu u,se of direct -hctopraphy for the asse;ss-ient of injector Sprays
has Ercat advLntaLes in flexibility nf application to vLaryin,- ty:)s of
injector und conditions of operation. It is the only -Authod which can
Live inrfor.ation on tho incipient state. of atomisation close to th'. oril"icc
and unde r conditions othe r than those in th,. free O atiecsph,_rue. Thu
inst_.ntan ,ous charucter and the limited volume: of the. sa:s ,pling are
disadva,ntaL_s when time average 11i tr2_' utions over a large spray volizie are
required. A measuring and counting technique is describod'which reduces
to a ,iin,i.um the ti-ne and labour consurned in measurinE up a la.rr o number
of phcto ,rdphs.

y1casurce'nts on a systom having a knciwn .)articlc size distribution
have slio%,-n fair reproducibi,lity wvi-th counts of only 500 Pa,rticles. There
appears to be a systematic error in the measured dictributicii curve due
to the s-ivll depth of field. The volumeo TAedian diLa.metur is under-
estimated by about 10Y% for a distribution centrcd .round 2(0,0 4 and a.
s:n=ll amouxit of distortion is introduced into thc. %istributicri curve. This
dce--ree of accuracy should be sufficient for the : prplie -tions of dropl(t
size distribution d-Aa onvisaoe d, -which a.re compfx'retive rather than
absolute.

Refeor,cnc.us.

1. The Assoss-.eint of Liquid Propollant Injectors. I,Lrt T'.
Ato:isation; its mea.surument _.nd influe.nce on ccllsi~tion
efficiuncy of rocket motor. E.R.D.E. Tcclhuio , Rk..c,crt
28/R/48.

-2-

UNCLASSIFIED



UNCLASSIFIED

LIST OF FIGURES

1. Fhotoaraph of light source, spray chamber and camera.

2. Schematic diagram of the above and pressurised liquid supply.

3. Measuring calipers and counting circuit.

4. Enlarged areas of negatives of spray given by dithekite
injector with two types of swirl plug at three injection
pressures.

5. Distribution curves obtained from these negatives.

6. Distribution curves obtained for paraffin wax suspension.

7. Spray pattern given by dithekite injcctor with slottcd pluL,.

3. Dithekite injector - flow calibration.

9. Dithekite injector spray close to orifice (with helical plug.

10. Ditto using slotted plug.

11. Distribution curves and spray pattern of inner orifice of
ImV0/Kerosene injector No.4087.

UNCLASSIFIED 7"179



Introduction

Thel PrillciPloz of 1- ~tograp1 hic iletiod heov, ,~ i~e~ in
thL p, x ofthis itu- --)rt.

Th, ai, io to cbt-in; a ee-rt ,in delgree- of dufiniticn ever the
maxi,,um d,i-.th of fiji.ld Th,. optimumi condition occurs wh,;n the
diL-a t-r of tnu circle. of ooni'usion (refv,Irrc;d to the objuct plano)
which i d iructly proportional to thc nu-nurical ap(,rtur,; of tne
lens syta,is of si.milar orde r to the li:ait of resolution due to
diffrL,ction by this ap.1rturc. This is invcrsuly proportion-l to
the nu-,i,ric"-l aperture and tho optimum dcepth of fie,ld c: n b,,. showzn
to be proportional to the scguar - of the re solution recuirced a-nd
inde.pendent of' the degroe of magnification. At a fixcd value of
the numerical apQrtur,~, the depth of field d12pnds lincarly upcn. the
diametor of the, circlec of confusion; thus, for large drops, w;hur(
poorer definition can be toil(ratcd, thc apparent dopth of' field
increa-ses. Expuri(a,nt has Lehewn that for droplut distribution with
volume -ficdiar diameters of 200OA. the volume of spr .-y 6L:mpiud is
aoproxi-liat,!,v 7 by 5 by 1 cm. at uach e-xpo2ure,.

Since the droplet distribution is CXI L%incd. with,in av,iuiiC
ecla.Icnt sm-iall coapa,,red to the 3xtLent of the3 Lpay -nd sinc,. the
sta,t, of ato.aisation increases aithi incre asins distL,cu fro-a the
injector orifice, it has been found convenicent to :au-seur,. thc .11Un
distribution over a cross s ction of' tae s,.rayr at ,. consta.nt (list-tl.cc
fro:i the orifice. The distance at which a stable droplet system is
reached vari6d with type of injector and the conditions of operation.
The position and nu-&ber of the sa:iplin,g, voluiies chosen wiil be
determined by the type of sprajt examnined. The sa.,iples are Liven
their appropriate wei6ht and averag, ,ed over the tota-L cross section.

Experi.cnt1J lethod

The arrange:ient of the caniera, light soiucc ana ospriy is sho,,T
in fiL. (2). The camnera is of the fixed focus type and uses a
3cm. focal length Skopar lens covering the relatively small iaage

area of 9 x 12 cm. Standard metal dark slides with cut film
adaptors are used and a ground 8lass screen is provided for
focussinL the camera on the desired area. The use of a long focal
length ca:aera lens is dictated by the necessity of a convenient
working distance between th, spray and the lens, 50cinass in the
present instance. In the preliminary experiment various
magni.fications were tried; the maxi:num. magnification Is ii-:nited
by the light output of the source of illumination and the sensitivity
of the e.-ulsion; the minimnum value is fixed by the rcsolution o)f
the emulsion. This latter for process films, is -about lC A4 ",iving
a mninimum magnification of one half which would cntail the use. .)f a
high degree of enlargement in the subsequent projection of thu illage.
kmagnification of 1.8 was found to be mlost convejnient.

The minimum numerical ape:rture for a give-n resoluti,.n can be
obtained from equation (16) P.26; rof.1, this is relaed to the f.
rio. of the lcns and the magnification Mv, by the following, eq(uat ion;
by the usual convention IV! is t,z- en to be of neaiesion.

N.. - M
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CI .DENTIAL

For a resolution of 20 c, the iniausn nu:ileric, 1 .prture for lijht of
V1 v c l<nth 0.45, is ; thus the rc Luircd f. no. with a .iagnific.tion
of 1.8 is f 1:52.

b

,Lt this .perture and with the nLrrow field used, thk residual
O errations of the objective, witl the exception of caroAatic effects

are ne-li,ibie. The latter are Animised by using a source rich in the

biue-violet-range of the spectru.- and a non-colour sensitive enulsion.

The Lullard L.S.D.2. tube used is said to have its aaxi,un output at 0.42A
and Orocess emulsions have a naxiaium sensitivity at 0.45' . It was

found desirable to use a slow emulsion in order to obtain a high degree

cf contrast; Ilford process fil:a developed in I.D.2. developer at 18i

for five minutes was found suitable.

Tho light source is a 1iMullard L.S.D.2 flash tube, discharging
a 2 mfd. condenser charged to 7.5 KV; the pcwer supply and triggering

circuit are conventional. The tube is placed at the centre of curvature

of a reflector and is imaged on thu diaphragm of the objective by means

of the condenser lens Ll m afocal length. The field illuminated

is r,strictcd to that cove o7y/y means of the diaphragm Dl. The

effective photographic duration of the flash of the L.S.D.2. tube under
t4c above operating conditions -as found to be two to four micro-suconds,
somewhat lonEr than tl-at quoted by the makurs. It is, however, short
enough to give sharp images of droplets moving with a speed of less than

five metres per second. The results suggest that this condition holds

for most sprays, at distances of Lbout 15 c.as fron thu orifice, with
inj,.ctior pressures of up to twenty atmospheros.

To obtein a good dfinition of the nascent spr,,y at points ciosu

to the oriiice, wherc the velocity is not iuch ius tli.n th, thoor,ticul

vLlue (if '-14 = 10 ats/gls/cc, V- 44.5 altr-s/soc.) it would b, d-3irablc

to use f±ishes of not greater than 0 .5p s duration. The duration of the

di a crLge is roighly proportional to the capacity of the discharge

condeiser; end the energy of the flash, to the product of the capacity and

the scuare of the voltage. Thus, in order to .-Iaintain the sase li ht

output while reducing the caiacity by one nuarter, it iL necessary to

double tae voltage. The L.S.D.2. tube becomes unstable at voltages over

12 KV so that it is not possible to modify the standard type of equipmvent

to give shorter flashs at the sane licht output. It is intended to

use a triLgerod magnesiua gap in*ir -with voltages up to 20 !W to give

a series of half-micro second flashes at 100-1000 ,s intrvals. This

could bi, used in conjunction .ith a rotating -irror c>era to &ive

consecutive photooraphs of the nehaviour of j ts clost to the orifice

and at :oi-ts of i:amoinr',e'iut - and of the bjhaviour of inj,,ctors for self

ignitin- fuels during starting conditions.

AS c-n be seen froai the diagram, the injector sprays into a :ntAl

tank w-ith windows on e.i side placod bet en the condensing lens and

the ca.era. The tank has an outlet at its bLsC, so that the sprayed liquid

a:.y be drawn oif, and has at the top an adjustible cla:mp for the injector.

This is constructed so that the position of the injector can easily be

altur,d by :nove sent ulonL the optical axis and in the vcrtical and.

horizontal diructions perpendicular to it. It can be tilted in th";

vc.tic-l plane cont,ining thu opticL' axis, so that the direction of

motion of the drops can b- m.nA;rall to th, objuct plane, .nd

can bu rotated about the injector Lais. By tais ai.!ns the position of

the injector can be varied so -,, to bring the o,xts of the spr.y slcted

for samipling into the field of th, c -rnC illu Lin tin-. sytc1. The

decision .s to the nuiJbzir .nd posit.Lon of th- ihoto r ss :Ade ,ith

eack spray depunds on thu type of spr y inj-ctor, i.e. Centrifu, i or

i-nin in,

CONFI[; flAt



ip-ingnE jCt, the degree of symietry of tile spray and the distribution

of density. The latter is best deter.;iined by making a preli.iinary

patternation test. Two aethods have been used: in the first the

distribution is exaiined qualitatively by spraying on to a liquid surface

as in fig. (7); in the second, the spray is directed for a convenient
tiae into a tray divided into sections, the volu.ae collected in each

section, measured and the fraction of the total volume calculated. The

type of tray used for centrifugal sprays is shown in fig. (11).

At the moment of writing only one pressurised supply of liquid is

available; the liquid is held in a spherical aluminium container of 60
litres capacity which can be pressurised up to forty atmospheres with

comprossea air or nitrogen. The liquid is fed via a valve and flexible

hose to the injector, a head measuring gauge being inserted into the

supply line just before the injector. A gauze filter is inserted between

the supply tank and the measuring point to prevent particles of scale

from the piping system blocking the injector orifices. The layout of

this su:ply is shown in fig. (2).

Two other sources of thu supply are in process of installation; a

high pressure (up to 100 at-wsphores) reciprocating water compressor

and a pump for kerosine. In the meantime th, single pressurc vessul is

used both for kerosine and for vator. The injectors .which have be,e(n

exa-ained arc ausiLnod for use with th, nitric acid/kerosine bipropcilant

and the monopropullant dithiKito. Up to thc presunt it hs not buen

practicable to use nitric acid or dithekitc in spray tests. The ricvant

physiSal constants of 98>' nitric acid and dithckitc ar, as follows

at 25 C:-

propellant Density Wo Kinematic Surface tension-iy,.

viscosity cs. dynes

Dithekite D.13 1.37 1.18 41.5

9o,,,niteic acid 1.51 0.60 40

Liquids with physical properties similar to those of nitric acid and

dithekite have not been available. Injectors designed for use with these

liquids have been tested with water; it is possible that the effect of

density nay be allowed for by comparing the results at a constant value

of L\(P/ but not enough is kno-wn of the effect of surface tension to allow

conclusions to be drawn about the drop size distribution of one liquid from

measurements with another.

The greater part of the time required for the assessment of drop size

distribution in injector sprays is consumed in the evaluation of the

negative. For many comparative purposes it is sufficient to inake an

enlarged print when major differences in -he average drop size are

aQparent to the eye. If more exact inforiiation is required, thu images

must be measured and counted. This can bu done with a low power Miorv-

scope and an eye piece with a graticulo, but it is far less fatiguing

whon counting large numbers to project thu negative on a ground glass

screen in a slightly darkened room. The iost useful m..,thod of

presentation of drop size data is in the formal of a graph of th. cu.ulative

vilu-i fraction oversize. If the curve should fit the Rosin Raa Lnlr

6istribution law, which c- be ascertained by plotting vaiues of log

log l/R (R is the voluiu fraction of spray having dia:itur.> d) agLanst

values of log d when a straight line of slope n should b- obtAind, th

distribution ca.n be expressed in tur:ns of . size const-nt do, above ehiich

lies ileth of the tot.l spray volu-c, .nd th- distribution const-ut n

according to the equation r, ,

(2)

/Thc;



The volume distribution curve is obtained by dividinL the total

range of droplet sizes into groups and counting the number of droplets

in each Lroup. This nu.-iber is .iultiplied by the cube of tae aean

diameter of tile group to obtain the incrc-ental volumii, and this,
divided by tne sum of t1a increnental volumes of each group, Lives the
volum.G fractions in eaca size group. Thus, if Ni is the number of

droplets having diameters botweun di and di- , d and if the arithmetic
mean diameter of the group di = di - ''d/2, is taken:

I - 93

Ri can then be plotted against di to givc the required
distribution curve. It is found in practice that the number distribution

curve has a mximum, and it is only necessary to consider droplet sizes

down to about one tenth of the size of the largest droplet in the spray

sample, the volum e fraction of droplets below this size being negligible.
It is convenicnt to divide the total range of diameters into about ten
equal groups for the purposes of measurement and computtion. Since
the limit of resolution imposed by thu optic,.l systems is about 20

microns, the -ini:mum increment of diameter which has significance is
about twice this. For sprays with size const,ants of less thv.n 200
microns, the error in the distribution curve due to the finite width

of the diamcetcr incrc:,ionts may become apprccicble. In order to find

the m.gnituf. of this error the distribution curve for 40 --icron
dia:,iter incrcments was calculated for a spray having a distribution
Civon by the equation:- 4

R
The method and details of the calcul.tion aru Liven on P.39 of

d 4l 0.3 0.5 0.7 0.9 1.1 1.1 1.5 1.7

'90  51 P7. _01._00

R .>959 99a,5 .91394 23 519, .22 07..0l_00i 9 ...I -1. 2

R for 40v
inturvasL 1.0 .9938 .9456 .7997 .52130 .23o2 .0595 .0065 i'0000

............... 19 162 l131j61 40 .17 4

The diffcrences arc surprisingly sm,.ll -nd are woll ,blov th

oxpcri-,entJ error. They will of course, incra.se rapidly with
increase of Sd/d,

In order to facilitatc the moasuremeint of thc. number of drop i:magcs

having diameters between di and di - A d the following technique wars

developed. The drop ix.ges arc projected on to a ground glass screen;

the magnification can be varied between five and twenty five diameters

by Adjusting the prQjecticn distance. The image is vieved from the

side of the screen far from the projector, the ground surface being

placed on this side of the glass sheet to avoid parallax errors. The

drops are compared in turn with the adjustable calipers illustrated

in fig. 3. This has ten settings of the distance bct,iacen the measuring

/edges
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edges from 2 :m. to 20 uir increyents. The settinL is de r,trined by the
position of the ten pole selector switch by means of a Aire windiiiS on
the axle of the switch. The contacts of the switch are usd to select

one of ton telephone -Gssag, counters. The calipers are placed on the

glass screen over a drop ime and adjusted so that th. drop diam"tr
is less than the distance betwen the straieht edges but greater than

the distance between thu next lowust setting, and the counte,r circuit

compieted by pressing the key. This registers the drop on the appropriate
counter and at the sa.o time marks the ground glass screen at the
position of the drop image by means of a piece of pencil lead attached

to the key. Thus drop images which have been counted can be readily
differentiated from uncounted images. Prior to the count the magnification
of the projection systm:u is adjusted so that the diameter of the image
of the largest drop to be counted lies within the largest setting %f the

calipers. Then the images down to a tenth of this largest diameter may

be sized-into ten groups. A counter circuit which is inderendent of the
selection switch registers the total number of drops counted. It has

been found that, in order to obtain a reproducible distribution curve,

a minimum of 500 drops, excluding the lowest dia:mieter interval must be
counted. Therefore, for each sasiiple of the spray for ,hich a distribution

curve is desired, a volume of the spray such that it contains not less

than this nunber of drops must be assussed. If a value of the depth

of field is assumed, the concentration of liquid in the spray can bc

calculated from the total drop volume and the voluc correspondin. tc

the negative area. Since, as has been mentioned, thu d(pth over snich

the spray is measured tends to increase with drop size, it is safer to

restrict comparative dnsities calculated in this way to spr ys of
si.ailar orders of drop size.

The size distribution curve for a complete cross s ction of the

spray can be caiculated from the distribution moasurd at a nu:ub,r of

sampling points by summation, each curve beinL weightud by the volu.o
fraction of spray passing through the area reprosent,d by thu sLple,
as in the example at the foot of page 8 In :oany inst-nces the

distribution curvesfor each samipling pcsition are not ro, uired and

it saves time in calculation to Ldd the drop nu:bea;'size counts toLet<I'r

and to calculate the overall distribution from the total. It is then

necessary to ensure that the sampling volumie i.e. the neg.tive area

counted is a constant fraction of the spray volu.ie sLepled. For inst.nce

if the cross section is divided into annular segments as in fif.11 the

negative area counted for section A and C would be in the ratio of the

radial distances of the sa:ipling positions. The s:mallest negativu area

taken should be large enough to make plausible the assu:tion that the

liquid density over the sampling volume is close to the time average
va-,lue.

The reproducibility and the accuracy of the co-,puted distribution

curves obtained from photographs of sprays cxterding over depths greater

than the theoretical depth of focus were exam-ined by taking fhotogra:phs

of a suspension in water of paraffin wax spheres contained in two glass

absorption cells, respectively 1 cm and 2 cm s. thick. The distribution

curve for the wax suspension was also determined by saseline on a slide

and measurin.g the spheres in a -icroscope field with a co,jparison

eyepiece; this latter distribution curve is reproducc4 in ctuve

of fig. (6). It obeys the Rosin Ramiiler curve

,Curve s



Ciaves B and C are the distribution curves of the suspension
pheto_raohed in cells 1 c:,i. and 2 cms. thicI respectively. They do net
give a straight line from a plot of log log, R against log d; therefore
it is not possible to estimate the small change in the value of n, the
distribution constant. The value of do for R = 1ie can be seen from the
curves to have decreased from 231/V to 230 1 and 220 p in the case of
the 1 cm. and 2 cm. cells respectively. iWhen the curves are superiaposed
at ..,d = do it is evident that above 200'J they are similar, while in the
lower drop size ranges the values uf R for curve C lie .above those for
B -hich in turn exceed those of curve A. This confirms the prediction
that as the depth of field is increased the larger droplet sizes will
be over-weighted. The apparent shifting of the curves toward the origin

can be explained as being due to the undcr-estiati.t of drop dia:acters
when the drops arc at the extreme li.iits of the filI L. In the photograph
of one centimeter thickness of suspension Lost of the im1ages apoarod to
bc sufficiently well dofined for measure.Lnt. The practical depth of field
is therefore several times greater than th theorcticalm, and the explanation
of this probably lies in the high contrast of thu emulsion. It would have
been interesting to examinc thu accuracy of thL -cthod using other drop
size distributions but it was decided that the dgroc of accuracy required
did not warrant an extunsivc investigation of the absolute uc,,uracy of the
technique. The nu:ibcr of sa.iples rcquired to Live adeauate representation
rundcrs thu mhoted somcwhat laborious for tue precis. esur nt of
overall drop size distribution excupt whun the total spray voluAe is siall
or the droplet distribution is spatially homogcneous.

Results

The general application of the method to rocket injcctor-s can best 'ue
sce, from the following exa.aples. Droplet size measurcmcnts aru useful olily
in so far as they may enable predictions to be made of their fcrformnce
in the rocket motor. As has been stated in the first oart of this report,
knc,;lcdLc of the mechanism of combustion is too vague to allow morc than
the a priori conclusion that decrease in droplet size should incrUase the
rate of combustion and diAinish the time for co.uplote comibustion.
Correlation of the spr"y properties of injectors with their p(rfor:manoc
in the combustion chaber -nst be madc the means of determining the order
of magnitude of the influence of drop size on performance.

The combustion efficiency of a motor depends upon the degree of
ato:aisation, the rate of combustion of the propellant, and the time spent
by the propellant in the combustion cha-ber. The combustion efficiency
of a particular injector/combustion ahamber system may be measured by
determining the ratio of the actual to the theorctical specific imipulse;
the time spent in the combustion cham.bcr is not easy to calculate, but
methods could be found of measuring ,ts mean v.lu,. It is usually assuaied
to be praiortional to thu valuc of L- the ratio of conbustion cham.tber volume

to throat area although for cylindrical chabers the length would suC2 to

be a sufficient briteion. For a given injector and propellant systc, a
ainiumj Lx can be found at which the efficiency bopri4 to fL.ll off. The
injector should then be :odifi-d so as to vary the droplet zizc of
distribution, while affucting the timie spent by tha propellnt in the
co.&ustion chamber as little Us po;ssible. Until such a progra i,L of

res(.Lrch
x In part I of this Report it is shown tn-t tic

theoretical depth of field for a 2014 circle oi confusion is 1.6 i.



research is under way, .,easure:lients of the spray f;rop rt es of particular

injectors are of li.,ited interest, and the iollo,in' exciq)les are quoted

only to sho-w tae scope of the photographic technic7ue.

Figure 4 shows sections of negatives of the spray produced by an

injector designed for a 100 lb. Dithekite .nctor. Th.- injector (drawing

No.4012) is a single orifice swirl typc having interchangeable s-wirl

plugs, onu in the form of helical screw and thu other (drawing Io.4018)

having four tangential inlets and a central orifice. The for:ner gives

a hollo-v cone spray of angle 600 and the latter an unsy-mmctrical

distribution illustrattd in fig.7. The thrcughputs are similar and

the results of a water test are plotted in litres of iater per second

against the square root of prc6sure head, (atmcspheres)ff, in fig. 8. The

photographs shown in fig.4 are taken with water as thu sprayed liquid at

injection pressures of 6, 9 and 15 atiospheres with each of the svirl

plugs. They illustrate the relative inefficiency of the tangential plug

used; since the differences in the two sprays aur. of hi,1 h order, no

attem,pt as made to exa:iinc the spray over the entire c2-css section.

Several sa.;ples wor taken at points which reprusent,d the major part

of the liquid flow at a dist..nce of about 20 cns. froTf the orifice, and

the portions of the nugative sho,ai are rouhly representative of the

spray as a whole. Fig. 5 shows the drop size distribution of the spray

saaple given by the two types of insert as a function of inj.;ction

pressur-. The diameters above vhicll lie a fraction 0.5 of thu spr,y

volu:11 (turmed the volu.c :ediL.n diauter), .arc tabulated beiow:-

TylaG onjec tion prsur- u incTir T

6 9 15

,I,_1ci 25op 225,u 150

T.ngcntia.l with

o ntr_- 5ole 4! 570P 3

The results are oresentcd in the for-A of' curvs .nd the volu:ew
°,iudiLLn diL.:,iutor'becausc the imnprecision of' the meuthod l, o< not allo v t he

distribution to be fitted to a curve of the for-a R =al hd

ch_ractcrised by the two constants do and n.

The volu-no median diameters decrease Yith increasing injection

pressure but those with the helical screi insert are consistently ra'ther

loss th.n hL.lf those obtained with the slotted plug. Figuros 9 .nd 10

illustratc the appear.nce of the spray on leaving the orifice. It would

app ar th.t the velocity losses in the swirl chanber of the injector wuhen

using the t.nguntially slotted plug are much greatur than those with the

helical sorew. The relatively poor ato.nisation of the former must be

in part due to the lower relative air-liquid velocity. The shape of

the drop images indicates that even at 2C cm. from the orifice secondary

break up of the drops is occurring.

In order to obtain an estimate of the effect of surface tension,

photographs were also taken using kerosine as the s,2rayed litjuid. The

variation with pressure and injector type is si. ilar to tiit o; water,

values of the volume moedian diamet(er at coparablc valus of

being about 25", less tnan those with water.

Th second exc,l. illustrates the :ethcds of av r- in, the drop

size distrfbution curves over th spray volume to &et tn-. distribut.on

curve rceresentative oi te whole spray. Th injector (dr,aing 1,o.4067)

had beer designud for a 100 lb. :otor operaxtin- on nitric ucid and

kerosine, the latter beina injected froan a centrl swirl nozzle and the

/nitric
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nitric acid couiina throuch an annular orifice conci.ntric ,rith tile
kurosinu orifice. The inner kerosine spra y hLs a con(.. aLl of bout
l00°; thu distribution of liquid across a cross suction of the spray is
shoim in fiLuro (11). Thu pattornating tray is divided into four
quadrants numbered 1, 2, 3, 4 whiph are subdivided into annular zones
lettered A, B, C, D and E starting from the periphery of the spray. The
i'i,ur,s in each compart.aunt reprusent the fraction of the spray fL.lling
in that compart.aent. The positions at hich saample photographs were
t.kn, ccrreapond to the midpoint of each quarter zone. The set of'
negatives corrospondinc to each annular zone A, B, and C are assessed
to-uther; the same negative area being covered in each of the four
positions denoted by the figures 1, 2, 3 and 4. The tot.1 area is
such as to Live a count of betwcen 500 and 1000 droplets. Having
obtained a distribution curve for each annulus thoy arc averaged over
the throe zones A, B and C, the fraction of the spray falling in the
central zones being s:.ll in the present instance.

Thus if \i are the volume fractions in each zone and RN 's the
fraction oversize at any droplet diameter

_.L M _, (4)

The distribution curves for the A, B and C zones together with the
mean curve are shown in figures(1) i)Dr the kero6eneLsprayaat;*,. y t
6 at:aospheres injection pressure. The values of the volu:ao median
diameter against injection pressure are tabulated below.

Injection pressure in atmosphers 6 9 15

Volume :aodian di2xmeter in 190 16o 16o

The outer *--iLr orifice intended for the oxidL.nt was t2stu-9
with water. The cone an le w-s .100 and the soray for,aud Lu hollow
cone of which the" overall thic1mcss was not more tha.n 2 ems at a dist.=ce
of 20 cas. from thL orifice. No atte-pt was m.de to subdivide this in
zones since the mean dia-aeter of the droplets was such that the depth of
the spray wa.s covered by one focussing distance.

Injection Pressure in atmospheres 1 3 6 9 15

Volume median diameter in 600 530 500 530 480

The effect of increasing injection pressure in decruasing the mudi,.n

droplet size of the spray is rather saiallor for this injector tL,n Lny of
the others examined. It i: probably rolatcd to the lLagCr cone an,,l of
the spray.

Pror. Research

The examples given of spray droplet size deter.aination show that
a fair degree of accuracy can be obtained by direct ph(,tography. The

time and labour involved increase with the degree of accuracy, and in
order to determine the precision needed it is therefore necessary to

investigate the effect of spray droplet size on the functioning of

rocket motors.

The problem of designing a series of injectors for correlation
with proofstand tests giving a wide variation in amean droplet size

but vith si-ailar distribution patterns is not ,n easy one. The last

/point



point is of p,articul-.r i.qport,ncc in bipropolL.nt systie ,i,r- te

do,re of -ixinL of tli-, two comonnts m.-ust in part d(ter.Iinu the

co.ibustion efficiency. The effect of changes in droplet size vrill be
clcarer in mionopropellant motors or those in which the co.Aponcnts are

pr.ixed. The m,iulti orifice injector see:s to offer thu best approach
but if the individui.l orifices a re to be m,ade lLarge enoujh to eli.-ine
troubi due to blockinE it is necessary to use .-otors of over 500 lbs

thrust. In the meantimo a nitric -,,cid/kerosine injector for a 500 lb.

otor is being designed to use intcrchangoablo Todd orifice plates of

which the number and size of orifice can be easily varied.

The photographic technique will also be used to study thc process

of ato-isation under tat.aerature and flow conditions si:ilL.r to those

in the cobustion chac.ber and possibly to meoasure the rate of co-.Abustion

of sa11l droplets of -m-onopropcllants.
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FIG 9.
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